This report outlines the thermodynamics of a supercritical carbon dioxide (sCO 2 ) recompression closed Brayton cycle (RCBC) coupled to a Helium-cooled nuclear reactor. The baseline reactor design for the study is the AREVA High Temperature Gas-Cooled Reactor (HTGR). Using the AREVA HTGR nominal operating parameters, an initial thermodynamic study was performed using Sandia's deterministic RCBC analysis program. Utilizing the output of the RCBC thermodynamic analysis, preliminary values of reactor power and of Helium flow rate through the reactor were calculated in Sandia's HelCO2 code. Some research regarding materials requirements was then conducted to determine aspects of corrosion related to both Helium and to sCO 2 , as well as some mechanical considerations for pressures and temperatures that will be seen by the piping and other components. This analysis resulted in a list of materials-related research items that need to be conducted in the future. A short assessment of dry heat rejection advantages of sCO 2 Brayton cycles was also included. This assessment lists some items that should be investigated in the future to better understand how sCO 2 Brayton cycles and nuclear can maximally contribute to optimizing the water efficiency of carbon free power generation 4 5
INTRODUCTION
The Department of Energy, Office of Nuclear Energy (DOE-NE) has funded a study to determine the characteristics of a high-temperature test reactor. The Idaho National Laboratory (INL) is developing a report that will describe a High-Temperature Gas-cooled Reactor (HTGR).
As part of the study supporting this report, INL requested that Sandia National Laboratories (SNL) write a report discussing the major points of emphasis for coupling such a reactor to supercritical carbon dioxide Brayton cycle for power conversion. This report completes that request. The report covers three broad areas.
 Preliminary power conversion trade study: This section of the report covers results of a study that varied the two most impactful parameters of the Recompression Closed Brayton Cycle (RCBC), which are the turbine inlet temperature and cycle maximum pressure. It was assumed for this study that the electrical output of the system would be held constant at 250 MWe. The outputs of the study are plots of cycle thermal efficiency, sCO 2 mass flow rate, intermediate heat exchanger inlet temperature, reactor power, and Helium mass flow rate.  Materials considerations: This section of the report covers the results of a literature review of some materials considerations that should be considered when assessing a HTGR that utilizes a sCO 2 Brayton cycle for power conversion.  Dry heat rejection: This section of the report discusses some ways in which the sCO 2 Brayton cycle could aid in drastically reducing the amount of water needed to produce electricity by utilizing dry heat rejection technologies to replace wet cooling technologies.
BRAYTON CYCLE
The term "Brayton Cycle" refers to a family of thermodynamic cycles wherein the working fluid stays in a single, gaseous phase as it is heated and cooled [1] . The cycle chosen for this study is a Recompression Closed Brayton Cycle (RCBC). This cycle achieves a very high degree of internal heat recuperation. Much work at Sandia National Laboratories (SNL) and other research institutions indicates that the relative thermal efficiency and cost of such a cycle make it the best option for near-term investment in power conversion cycles.
A major factor of plant installed cost is plant size, which correlates strongest with power level. Trade studies of sCO 2 RCBCs show that plant size, and therefore installed costs, also correlates strongly with conversion cycle maximum pressure through the CO 2 mass flow rate. The maximum pressure, or pressure ratio, also directly affects conversion efficiency, which affects operating costs. Figure 1 shows this relationship. Piping and component sizes, and therefore costs, correlate strongly with the amount of material used, and costs of major components such as recuperators and valves are additionally affected by construction time. Using PCHE recuperators as an example, construction size, and therefore cost, is directly affected by the size and number of shims necessary to accommodate the flow. Shim flow path etching, which is the most costly part of manufacture, and diffusion bonding of shims, are both directly affected by the number and size of shims. Header weldments increase in size as the recuperator size increases.
A detriment to plant cost of raising system pressure is a necessary increase in piping and component wall thicknesses to accommodate the associated higher pressure differentials. For piping, this effect is largely confined to simply designing to avoid ruptures. The detriment is exacerbated and more complicated for heat exchangers since larger wall thicknesses degrade heat transfer performance. The search for the optimal solution is a complex relationship that quantifies these various engineering performance characteristics and their associated effects on installed and operating costs. Figure 2 below gives the trend relationship between the engineering considerations of system pressure and the economics quantified in levelized cost of energy (LCOE).
Projecting installed costs, which correlates with mass flow, may have less uncertainty as the time frame is nearer term and material and construction costs are likely better understood. Projecting operating costs and associated cash flows over a period of years, which correlates with conversion efficiency, has significantly greater uncertainty.
The remaining analyses will focus more on the engineering aspects of the HTGR and less on the economics. However, it is recommended that the reader remain cognizant of the relationships between engineering performance and LCOE that have been presented above. Projecting installed costs, which correlates with mass flow, may have less uncertainty as the time frame is nearer term and material and construction costs are likely better understood. Projecting operating costs and associated cash flows over a period of years, which correlates with conversion efficiency, has significantly greater uncertainty.
The remaining analyses will focus more on the engineering aspects of the HTGR and less on the economics. However, it is recommended that the reader remain cognizant of the relationships between engineering performance and LCOE that have been presented above.
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POWER CONVERSION CYCLE PERFORMANCE FOR THE HTGR Nominal Configuration Assessment of Brayton Cycle
The preferred power conversion cycle for a closed heat source, such as a nuclear reactor or a concentrated solar power system, is the recompression closed Brayton cycle (RCBC). This is because of the very high degree of cycle internal heat recuperation that is achieved with the high and low temperature recuperators (HTR, LTR). The result of this extensive reclamation of turbine discharge heat is a hot process flow that enters the primary heat source. This hot sCO2 cannot decrease the heat source flow temperature below the sCO2 inlet temperature. Thus, a great deal of heat energy remains in the heat source flow. In a closed heat source, this does not matter. However, in an open heat source, the result is either a great reduction in conversion performance if it is expelled as waste heat, or the implementation of a bottoming cycle and associated costs to make use of the remaining heat.
To model the RCBC in a deterministic program, a number of thermodynamic and performance conditions must be set by the user of the program. In the program developed at SNL, ten conditions were selected. The thermodynamic cycle and selected conditions are presented in the Figure 3 . The green boxes indicate which parameters are the control parameters, and the definitions of these parameters are given in the box in this figure. For the studies that follow, the values set for these parameters are given in tables. The most important controls are the main compressor inlet pressure and temperature, which may vary between studies in order to maximize predicted performance. Nominal values were based on a combination of the The RCBC flow sheet for these specific conditions is presented in Figure 4 . Recuperator size is based on SNL PCHE duty and sizing information. 
Nominal Configuration Assessment of HTGR
Using the output from the RCBC analysis, an energy balance calculation was performed to determine the required reactor power and the Helium flow rate required to produce the 524.5 MWth transferred to the sCO 2 power conversion system. The assumptions used and the output are presented in Table 3 . The outputs are reactor power and helium flow rate; they are written in bold text in Table 3 . 
Sensitivity Assessment of Brayton Cycle Control Parameters
To analyze the effect of the most important control parameters in the RCBC, the compressor discharge pressure (Cycle Maximum Pressure) and the turbine inlet temperature were varied. The range of pressures was from 20 MPa to 35 MPa, in 0.5 MPa increments. The turbine inlet temperatures ranged from 550 °C to 750 °C, in 10 °C increments.
For this study, Table 4 gives the input conditions. As expected and shown in Figure 5 , efficiency increases strongly with turbine inlet temperature, and less strongly with maximum pressure. Mass flow rate necessary to achieve the specified power level, shown in Figure 6 , declines as turbine inlet temperature and system pressure increase. Figure 7 shows that the temperature of the sCO2 flowing into the heater increases as turbine inlet temperature increases and system pressure decreases. Much of the space in this figure is in the vicinity of conditions necessary to achieve a low reactor inlet temperature. AREVA specifies a reactor inlet temperature of 325 °C. However, this number is dependent upon the approach temperature of the IHX at the cold point of the Helium and the reactor inlet temperature was arrived at under the assumption of a steam power conversion system. The use of a Brayton cycle will affect the approach temperature due to the relative temperature-enthalpy curves of the primary coolant and the power conversion working fluid. Thus, the assumptions in this report do not allow for such a low reactor inlet temperature. 
Brayton Cycle Control Parameter Effect on HTGR Power and Helium Flow Rate
Utilizing the output from the RCBC trade study, reactor power and Helium flow rate were calculated. In order to perform this calculation, an assumption had to be made for the approach temperature for the IHX. For this initial study, it was assumed that the difference between the helium temperature and the CO 2 temperature was 15 °C at both ends of the IHX. For a more detailed study, a model of the IHX utilizing Pinch Point analysis would be more appropriate. Figures 8 and 9 present the Reactor Power Level and the Helium mass flow rate required to achieve the values in the thermodynamic trade study.
As expected, the required reactor power level decreases strongly with turbine inlet temperature and less so with cycle maximum pressure. This can also be seen by looking at Figure 5 (RCBC Cycle Efficiency), since Reactor Power Level is inversely proportional to cycle efficiency under the assumption of a constant IHX effectiveness. Reactor coolant flow rate is a monotonically increasing function of reactor power. However, the two are not directly proportional over the temperature and pressure ranges of interest. This is due to the value of the specific enthalpy changing over those ranges also. The Helium flow rate as a function of turbine inlet temperature and cycle maximum pressure is shown in figure 9 . 
MATERIALS CONSIDERATIONS
As part of the study, Sandia conducted a literature review to assess the current state of materials research pertaining to an HTGR being coupled to a sCO 2 Brayton cycle. Temperature and pressure assumptions erred on the side of the extreme. The assumptions for the study included the following. 
Helium Corrosion
Helium is a noble gas and it is expected that there would be no compatibility issues with this fluid. Impurity content within the gas has been shown to be the primary driver for materials incompatibility [5] [6] [7] [8] [9] . Three temperature ranges of interest were identified with regards to materials: 350-600°C, 600-800°C, and 800-1000°C [3] .
Within the range of 350-600°C decarburization of carbon steels is a concern and they should not be used above 370°C [3] . 2 ¼ Cr/Mo or 9-12% Cr steels should be used above 370°C, as Cr content should allow formation of protective chrome oxides (chromia) that prevents decarburization. Interested readers should refer to [3] for more information.
At the 600-800°C range four features were observed: chromia formation, internal oxidation of aluminum, decarburization (condition dependent), and carburation (condition dependent). Graham found that 100µm was the maximum depth of affected material over 5.7 years of exposure. Corrosion rates of <25µm/year is considered outstanding material resistance [8] . It should be noted that behavior is highly dependent upon gas chemistry and actual chemistries should be evaluated. Shindo suggested that carbon activity and oxygen content are primary indicators of materials performance ( Figure 10 ). While observed rates of corrosion appear to be sufficiently low over this temperature range, mechanisms proceed rapidly above 800°C. Above a critical temperature, which is alloy dependent (~900°C [3, 7] ), the alloy decarburizes/carburizes depending on the chemical regime. Chemical regime can be identified by monitoring the ratio of CH 4 /H 2 O. High ratio values of (excess carbon) favor regions IV and V in Figure 10 (i.e. formation of metal carbides and continuous carburization), while low ratio values (excess water) favor regions II and III (formation of metal oxides and decarburization) [3, 6] . Practical implications of these are that decarburization can result in reduced creep strength, while carburization may cause a decrease in ductility. The upper temperature range should be evaluated for corrosion performance.
sCO 2 Corrosion
sCO2 corrosion studies have been performed over the last several years under various conditions (pressure/temperature) with standard materials [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Main conclusions are that corrosion increases with temperature for short term exposures, but long duration exposures are still needed [17] . Furthermore, austenitic steels should be used above 650°C, due to poor corrosion performance of ferritic-martensitic steels [19] , To date it is unclear how pressure influences corrosion rates [16, 17] and to what extent impurity content will influence mechanism [16] . Carburization was observed in alloys starting at 550°C with rates increasing as a function of pressure [10] and temperature [20] . Formation of protective chrome oxide scales appeared to mitigate this behavior [20] , but continues to be an outstanding area of investigation.
Insufficient data still exists with regards to materials selection. Depth of affected material is rarely reported, but could be extracted from literature with some effort. Choice of alumina vs. chromia forming alloys as a function of temperature is unclear, though data suggests chromia formers are better for temperatures around 650°C [17] .
Mechanical Considerations ASME B31.1 (Power Piping Code) and the Boiler and Pressure Vessel Code (BPV) code provides allowable stresses for materials up to 815°C and above (see Table 5 ). Based upon allowable stresses listed in both codes, as a function of temperature, minimum wall thicknesses are calculated per Equation 1. This minimum wall thickness does not include allowances for corrosion over the pipe lifetime -this must be added per variable A in Equation 1. The purpose here is for illustrating typical minimum wall thicknesses for seamless piping materials for use at high temperatures. Due to insufficient heat exchanger design, pipe wall thickness was used for illustration.
The maximum differential pressure between helium and sCO 2 is 24MPa (3.48ksi). This pressure was assumed to be an internal pressure source, as given in the ASME B31.1 code. It is worth noting three observations. First, with regards to high temperature containment, alloy 740H is nearly two times stronger between temperatures of 650-790°C(1200-1400°F), however above this temperature range a drastic fall off in strength occurs (Figure 11 ), making alloy 230 and 617 better choices for temperatures approaching 815°C (1500°F). At the high temperatures, for the conditions used here, the internal diameter available for fluid flow is limited to ~40% of the D o , while with 300 series alloys the internal diameter is only ~10% of D o .
Second, as expected from Equation 1, wall thickness scales linearly with diameter ( Figure  12 ). Trade studies between pipe diameter size and cost per mass of the material should be performed to best determine geometrical configuration and layout.
Third, during practical operation many failures occur due to creep failure (also called stress rupture). Creep is a time-dependent deformation that occurs at high temperatures while under constant stress. Allowable stress determinations are made by a 1% creep expansion over 100,000 hour of operation (11.4 years) [21] . Much of the code already accounts for creep making allowable stresses a conservative choice for use in design calculations.
Questions/Opportunities
 High temperature range of materials in He should be evaluated, based upon prototypic impurity content.  Investigation of sCO 2 literature to determine metal loss as a function of condition (pressure, temperature).  sCO 2 high temperature materials research is needed to identify typical impurity content in the cycle.  sCO 2 high temperature testing is needed to understand if impurity content changes corrosion mechanisms.  Assess HT heat exchanger configuration then perform finite element modeling to remove stress risers.  Optimize cycle configuration based upon materials available in the code. 
DRY HEAT REJECTION POTENTIAL 2
Almost all thermoelectric power generation cooling is currently achieved via one of the following four arrangements.
1.
Once-through Cooling -Water is withdrawn from a river, lake, or other natural water source, pumped through a condenser to cool/condense the steam exiting the turbine of a power conversion cycle, then returned to the natural water source. Little to no evaporation takes place. However, the discharged water has a higher temperature than the withdrawn water, thus contributing to some environmental effect.
2.
Wet Cooling Tower -Wet cooling towers can be divided into two sub-categories:
a. Direct (Open Circuit) Wet Cooling -The water being used to cool the working fluid of the power conversion unit is passed through a cooling tower, making direct contact with the air being used to evaporate the cooling water. The water that is lost to evaporation is replaced with "makeup" water from the natural water source. b. Indirect (Closed Circuit) Wet Cooling -The water being used to cool the working fluid of the power conversion unit is in a closed circuit and never makes direct contact with the air. Instead, water from the natural water source is passed over the outside of the piping that is used to recirculate the cooling water. Air is also made to pass over the freshwater supply, causing it to evaporate, thereby "indirectly" cooling the plant. 3.
Dry Cooling Tower -The water being used to cool the working fluid of the power conversion unit is routed to a header, which then directs the hot fluid into a speciallydesigned water-to-air heat exchanger. Either forced or natural draft air is used to cool the water, which is recirculated to the plant. This type of cooling does not evaporate water, but it does decrease power conversion efficiency.
4.
Hybrid Cooling Tower -A hybrid cooling tower combines both the wet and dry cooling tower concepts into one device. Typically, the portion of steam that is passed through the dry cooling circuit decreases as the ambient temperature increases. In this way, an optimum strategy can be developed that will minimize losses due to the decreased efficiency caused by dry cooling.
Dry heat rejection units are costly in three major ways. They are:
1. Installation costs are higher than wet cooling due to the need for more cooling towers. 2. Operation and maintenance costs are higher due to the hotel power needed to drive powerful fans for forced air cooling. 3. Plant efficiency is decreased due to the less efficient removal of waste heat. SCO 2 Brayton cycles are much better matched, thermodynamically, to dry cooling than steam cycles. Steam cycles must reject waste heat at a constant temperature. This limits the temperature rise of the air that is used to remove the heat, dependent upon the pinch value used for the condenser that is used to transfer the heat. Brayton cycles, on the other hand, reject heat over a range of temperatures, allowing the air to be heated to a much higher temperature, thereby decreasing the flow rate of air needed. Figure 14 illustrates this concept.
Recent studies have suggested that the installation costs of dry heat rejection technology for sCO 2 Brayton cycles can be comparable to the installation costs of wet cooling technology for steam cycles. Figure 15 presents this concept.
Further work in this area could potentially result in major reductions in dry heat rejection costs for nuclear power plants, and indeed, for all thermoelectric power generation. Approximately 1/3 of the Earth is considered arid land. Making dry heat rejection competitive with wet cooling would make the production of energy throughout the world easier and potentially less expensive. Some potential areas with high payoff include heat exchanger development for sCO 2 to air, how to take advantage of natural circulation to minimize power required for forced air, and design of a natural draft cooling system specifically for a Brayton cycle. 
SUMMARY
A preliminary trade study was performed that assessed the consequences of coupling a supercritical CO 2 Brayton cycle to a Helium-cooled High Temperature Gas Reactor. The two parameters that were found to be the most important in determining the operational characteristics of the cycle are the turbine inlet temperature and the cycle maximum pressure. Power conversion efficiency, and therefore other parameters of interest, were all found to be most strongly dependent upon turbine inlet temperature and less so on cycle maximum pressure. The parameters that were studied were:  CO 2 mass flow rate,  IHX sCO 2 inlet temperature,  Reactor power level, and  Helium mass flow rate.
A literature review of materials considerations was also conducted. No glaring issues that would stop the use of a sCO 2 Brayton cycle from being coupled to a Helium-cooled HTGR were discovered. The review resulted in a list of items that need further work. This list includes the following.
 High temperature range of materials in He should be evaluated, based upon prototypic impurity content.  Investigation of sCO 2 literature to determine metal loss as a function of condition (pressure, temperature).  sCO 2 high temperature materials research is needed to identify typical impurity content in the cycle.  sCO 2 high temperature testing is needed to understand if impurity content changes corrosion mechanisms.  Assess HT heat exchanger configuration then perform finite element modeling to remove stress risers.  Optimize cycle configuration based upon materials available in the code.
A review of some work related to dry heat rejection of a sCO 2 Brayton cycle was also conducted. This work is in its early stages and further work needs to be conducted in this area. Some areas that need to be considered are:
 Heat exchanger development for sCO 2 to air,  How to take advantage of natural circulation to minimize power required for forced air, and  Design of a natural draft cooling system specifically for a Brayton cycle. 
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